Abstract Microphthalmia-associated transcription factor (Mitf) is a transcription factor that plays an important role in regulating the development of several cell lineages. The subcellular localization of Mitf is dynamic and is associated with its transcription activity. In this study, we examined factors that aVect its subcellular localization in cells derived from the monocytic lineage since Mitf is present abundantly in these cells. We identiWed a domain encoded by Mitf exon 1B1b to be important for Mitf to commute between the cytoplasm and the nucleus. Deletion of this domain disrupts the shuttling of Mitf to the cytoplasm and results in its retention in the nucleus. M-CSF and RANKL both induce nuclear translocation of Mitf. We showed that Mitf nuclear transport is greatly inXuenced by ratio of M-CSF/Mitf protein expression. In addition, cell attachment to a solid surface also is needed for the nuclear transport of Mitf.
Introduction
Genes are tightly regulated in their expression levels, patterns and timings. Throughout evolution, cells have adopted various sophisticated ways to control gene expression. Many of these control mechanisms are aimed at transcription factors. One common regulatory strategy is to sequester transcription factors in the cytoplasm. By doing so, the transcription factors remain inactive in the cells and enter the nucleus to turn on target genes only when cells receive appropriate signals. NF-B and NFAT are two well-studied examples of transcription factors capable of commuting between the cytoplasmic and nuclear compartments in response to environmental stimuli. For NF-B, it is normally sequestered in the cytoplasm by its inhibitor I B. Signal transduction leads to I B phosphorylation and subsequent release of NF-B to translocate to the nucleus (Mercurio and Manning 1999) ; for NFAT, signal transduction leads to activation of calcineurin, which results in dephosphorylation and nuclear translocation of NFAT (Hogan et al. 2003) .
Microphthalmia-associated transcription factor (Mitf) is a basic helix-loop-helix leucine zipper (bHLH-Zip) transcription factor that is able to form homo-and heterodimers with other MiT family members (Tfeb, Tfec and Tfe3) in vitro (Hemesath et al. 1994) . Mitf dimers bind to an E-box consensus sequence CA[C/T]GTG in the target promoters to activate the genes (Hemesath et al. 1994; Steingrimsson et al. 1994) . Mitf gene exhibits a split promoter design, which allows it to generate multiple structurally and biologically distinct proteins (Hershey and Fisher 2005) . This property enables Mitf to perform diverse biological functions. Disruption of Mitf gene in mice inhibits melanocytogenesis and retinal pigmented epithelium development, aVects the number and function of mast cells, and inhibits late diVerentiation stage of osteoclasts (Steingrimsson et al. 2004) . Mutations of Mitf also causes dysfunctions of several hematopoietic cells (Rohan et al. 1997; Roundy et al. 1999; Stechschulte et al. 1987; Thesingh and Scherft 1985) including macrophages, suggesting regulatory roles of Mitf in these cells.
Mitf contains a nuclear localization signal (NLS), which directs its nuclear translocation upon receiving appropriate signals from the cells. Mitf shows diVerent subcellular localization patterns in diVerent types of cells. For example, in normal and malignant melanocytes, Mitf is predominantly a nuclear protein while in breast tumors, the protein can be predominantly nuclear or cytoplasmic (Granter et al. 2002) . Recently, Mitf was shown to be able to shuttle between the cytoplasmic and nuclear compartments in macrophages (Bronisz et al. 2006) . These studies suggest that the localization of Mitf is associated with the diVerent growth and diVerentiation programs present in these cells.
Materials and methods

Reagents
Anti ( )-HA antibody (Ab) was obtained from Boehringer Mannheim, Germany. -Mitf Ab (C5) was obtained from Calbiochem, San Diego, CA and as a gift from Dr. David E. Fisher, Massachusetts General Hospital, Boston, MA. Fluor-conjugated -HA and goat -mouse Abs, DAPI and phalloidin were purchased from Invitrogen, Carlsbad, CA.
Plasmid constructs
Mitf and its deletion mutants were ampliWed from a previously constructed plasmid containing Mitf isoform A (Mitf-A) sequence and from mouse cDNA. Two overlapping PCR forward primers were used to generate the Mitf products with a desired restriction enzyme site and a Kozak sequence. The Mitf PCR products were eventually cloned into a retroviral vector pMSCViG (modiWed from pMSCV, Clontech, Mountain View, CA). pMSCViG has a C-terminal HA-tag. Forward primers used: Mitf-A, 5Ј-ATGCA GTCCGAATCGGGA-3Ј, 5Ј-AGATCTACCATGGCGAT GCAGTCCGA-3Ј; Mitf-dA, 5Ј-CTACCATGGTGATGAG TTCTGCAGAGCAT-3Ј, 5Ј-TTGAGATCTACCATGGT GATGAGTTCTGCAG-3Ј; Mitf-dAB: 5Ј-CTACCATGG TGCAGACCCACCTGGAA-3Ј, 5Ј-TTAAGATCTACCA TGGTGCAGACCC-3Ј. Reverse primer used: for pMSCViG cloning, 5Ј-TAAGTCGACCACACGCATGCTCCGT TTCT-3Ј.
Cell cultures
Mouse bone marrow from 2-4-month-old wild-type mice was harvested by Xushing cold MEM through the femur and tibia with a 22-gauge needle. Human peripheral blood mononuclear cells (hPBMC) were Wcoll fractionated and resuspended in serum-free media. Monocytes were subsequently puriWed by plate adhesion. Both human and mouse cells were cultured in media supplemented with 100 ng/mL M-CSF or appropriate cytokines as indicated in the Wgure legends. RAW264.7, MDA-MB231 and 3T3 were obtained from ATCC (Manassas, VA).
ImmunoXuorescent staining
Cells were Wxed in 2% paraformaldehyde, permeabilized with 0.1% saponin and blocked with 10% goat serum. To detect endogenous Mitf signals, cells were incubated with the -Mitf C5 Ab followed by an Alexa Xuor-conjugated secondary Ab. To detect Mitf-HA fusion proteins, cells were incubated with an Alexa Xuor-conjugated -HA Ab. Cells were also counterstained with phalloidin and DAPI, which stain actin and nuclei, respectively.
Retrovirus production and infection 293 FT cells (Invitrogen) were transfected with a retroviral vector together with pVPack-GP (Stratagene, Cedar Creek, Texas) and pVSV-G (Clontech). Media of the transfected cells were collected and used to infect cells.
Western blot
Cells were lysed in a lysis buVer containing 2% SDS, 50 mM Tris (pH 6.8), 10% glycerol, 0.1% benzonase (Sigma-Aldrich), protease inhibitors (Sigma-Aldrich, Sigmafast) and phosphatase inhibitors (20 mM sodium pyrophosphate, 10 mM sodium Xuoride and 1 mM sodium orthovanadate). The lysates were rotated at room temperature for 15 min, cleared by centrifugation, quantiWed and separated by SDS-polyacrylamide gels. Proteins were transferred to nitrocellulose membranes. The membrane was blocked and incubated with the appropriate primary Ab followed by a HRP-conjugated secondary Ab. The protein signal was developed with ECL reagents (Pierce Biotechnology).
Results
Mitf cytoplasmic-nuclear shuttling is aVected by a domain encoded by exon 1B1b
The Mitf gene locus contains at least nine isoform-speciWc promoters (Amae et al. 1998; Fuse et al. 1999; Hershey and Fisher 2005; Oboki et al. 2002; Shiohara et al. 2009; Steingrimsson et al. 1994; Takeda et al. 2002; Takemoto et al. 2002; Udono et al. 2000) . Each Mitf isoform transcript contains an isoform-speciWc Wrst exon that is spliced to exon 1B1b and then to common exons 2-9, which encode the known functional motifs (Fig. 1) . The only exception is Mitf-M. Exon 1M is located 3Ј to exon 1B1b; therefore exon 1M splices directly to exons 2-9, resulting in a shortened amino terminus in Mitf-M due to the absence of exon 1B1b in its sequence (Fig. 1b) . Mitf-M is not present in monocytic cells as its expression is restricted to melanocytes and mast cells derived from certain tissue sources (Oboki et al. 2002) . In contrast to the Mitf in monocytic cells (Bronisz et al. 2006) , endogenous Mitf-M has not been reported to be cytoplasmic. Since all Mitf isoforms except Mitf-M have exon 1B1b in their sequences, we investigated whether exon 1B1b encodes a domain that allows cytoplasmic shuttling of Mitf protein. Since Mitf-A is an abundant isoform in monocytic cells, Mitf-A and its two deletion mutants, Mitf-dA and Mitf-dAB, were used to examine the subcellular localization of Mitf in monocytic cells. The mutant Mitf-dA refers to Mitf-A with a deletion of isoform-speciWc domain A; the mutant Mitf-dAB refers to Mitf-A without domain A and the domain encoded by exon 1B1b (Fig. 2a) .
RAW264.7 cells, a mouse monocytic cell line, were infected with retroviruses expressing Mitf-A, Mitf-dA, Mitf-dAB or a null vector as control. The HA-tagged Mitf-A and its mutants were expressed and detected by -HA Ab (Fig. 2a) . The immunoXuorescent staining of the infected cells showed that Mitf-A and Mitf-dA were present in both cytoplasmic and nuclear compartments, while Mitf-dAB was predominantly nuclear (Fig. 2b) . To exclude the possibility that the cell type may aVect the protein subcellular localization, similar experiments were also carried out with 3T3 Wbroblast cells and MDA-MB231 breast cancer cells (Fig. 2b) . The results obtained from these two non-monocytic cells were comparable with that of RAW264.7 cells. In all cases, deletion of exon A had no noticeable eVect on Mitf's ability to shuttle between the nuclear and cytoplasmic compartments, while deletion of exon 1B1b resulted in a Mitf protein that was predominantly nuclear. To ensure that the HA sequence present in the carboxyl termini of the recombinant proteins was not interfering with their subcellular localization, Mitf constructs that have no HA-tag were also used (data not shown). The results were similar, which indicated that the C-terminal HA sequence did not interfere with the subcellular localization of the Mitf proteins. These results suggest that the sequence encoded by exon 1B1b plays an important role in Mitf protein's ability to shuttle to the cytoplasmic compartment. Deletion of this exon from the Mitf sequence permits the NLS to become the dominant factor in determining Mitf's subcellular localization and the protein become predominantly nuclear, as in the case of Mitf-dAB and Mitf-M.
Mitf nuclear localization promoted by M-CSF is dose dependent
Although Mitf has been reported as a nuclear protein in melanocytes, in mouse bone marrow macrophages (mBMM), it can shuttle between the cytoplasm and nucleus and its nuclear translocation is promoted by cytokines M-CSF and RANKL (Bronisz et al. 2006 ). Mitf exhibits nuclear localization when mBMM are cultured in media containing M-CSF; when M-CSF is withdrawn from the media, Mitf protein is redistributed to the cytoplasmic compartment (Bronisz et al. 2006) .
However, when we examined the subcellular localization of Mitf protein in RAW264.7 cells, a monocytic cell line, the protein was present in both nuclear and cytoplasmic compartments, and addition of M-CSF had no eVect on promoting nuclear localization of Mitf protein (Fig. 3) . Kinetic studies showed that RAW264.7 cells stimulated with M-CSF from 15 min to several days with media change every two days did not reveal any diVerences in the subcellular localization of Mitf (data not shown). In contrast, when RAW264.7 cells were treated with RANKL, Mitf started accumulating in the nuclei while the cells diVerentiated toward osteoclast-like cells (Fig. 3) . Although M-CSF had no eVect on Mitf's subcellular localization in RAW264.7 cells, treating these cells with M-CSF resulted in cellular proliferation (data not shown), indicating that RAW264.7 cells have functional c-fms, the M-CSF receptor, on the cell surfaces.
Fowles et al. have pointed out that RAW264.7 cells may be defective in c-fms traYcking to the cell surfaces; therefore, while these cells have functional c-fms that can respond to M-CSF, they exhibit a quantitative deWciency of M-CSF signaling (Fowles et al. 2000) . Therefore, we hypothesize that nuclear localization of Mitf promoted by M-CSF may be aVected by the quantity of M-CSF signal, reXected by the ratio of M-CSF signal to Mitf protein levels. This was investigated by expressing diVerent levels of Mitf protein in mBMM and determined whether Mitf localization would be aVected according to the protein levels when the cells were cultured in a Wxed amount of M-CSF. We over-expressed Mitf-A, the most abundant isoform, in these primary cells with a recombinant retrovirus. When mBMM were infected with the undiluted retrovirus, immunoXuorescent staining with -HA Ab, it was revealed that the recombinant Mitf-A was present predominantly in the cytoplasm with only a small portion of cells exhibiting a nuclear staining of Mitf (Fig. 4) . However, when mBMM were infected with the virus diluted by Wve fold, the recombinant protein detected was predominantly in the nuclei of the infected cells (Fig. 4) . We have conducted both Western blot and immunoXuorescence studies to conWrm that cells infected with diluted viruses had less Mitf expression on a per cell basis and these cells did not have a lower percentage of infection rate. Thus, the experiment demonstrated that a higher titer of Mitf-A retrovirus was associated with an outcome of increased cytoplasmic localization of Mitf-A. Since the undiluted virus resulted in a higher expression level of Mitf-A protein, the results implied that when M-CSF/Mitf ratio decreased due to increased Mitf expression, there would not be suYcient quantities of M-CSF signal to direct Mitf protein to the nuclei.
Endogenous Mitf was predominantly a nuclear protein in mBMM when the cells were cultured in 100 ng/mL M-CSF with regular replenishment of fresh M-CSF and depletion of M-CSF results in Mitf shuttling to the cytoplasm (Bronisz et al. 2006) . Since M-CSF activity would gradually decline with time in the culture, we hypothesized that Xuctuation of M-CSF activity may aVect the subcellular localization of Mitf. To further investigate this phenomenon, mBMM were infected with control and Mitf retroviruses and a time course study was conducted to examine the subcellular localization of Mitf-A, Mitf-dA or Mitf-dAB in these cells following M-CSF stimulation. The results
Fig. 3 RANKL, but not M-CSF, induces nuclear accumulation of
Mitf protein in RAW264.7 cells. RAW264.7 cells were treated with vehicle, M-CSF (100 ng/mL) or RANKL (100 ng/mL) for 3 days. Mitf expression was detected by -Mitf Ab by immunoXuorescent staining (red). Cells were counterstained with DAPI and phalloidin, which stain nuclei (blue) and actin (green), respectively showed that while the over-expressed recombinant Mitf-A and Mitf-dA were initially present in both nuclear and cytoplasmic compartments after infection (Fig. 5, day 2) , replenishment of media containing fresh M-CSF on day 3 resulted in synchronous nuclear accumulation of Mitf proteins in all infected cells within 24 h, and Mitf becomes predominantly nuclear (Fig. 5, day 4) . This was followed by gradual redistribution of the Mitf proteins to both cytoplasmic and nuclear compartments. On day 6, when the protein expression peaked, both proteins became predominantly cytoplasmic (Fig. 5, day 6 ). As expected, Mitf-dAB, the mutant protein that was defective in cytoplasmic shuttling, remained in the nucleus and was not aVected by the decreased M-CSF activity in the media (Fig. 5) .
In summary, we found that levels of Mitf and M-CSF inXuence the Mitf localization. In the presence of suYcient amounts of M-CSF, Mitf protein becomes nuclear. However, if the Mitf protein levels exceed the M-CSF required to keep the protein nuclear, a portion of the Mitf protein shuttles from the nuclear to the cytoplasmic compartment and the protein can be present in both compartments or become predominantly cytoplasmic.
Cell attachment to a solid surface aVects the subcellular localization of Mitf in monocytic cells
When cultured on plates, mBMM attached to the surface and assumed a plump, epithelioid shape. Mitf was predominantly nuclear in these cells (Fig. 6a) as long as the cultures were regularly replenished with media containing fresh M-CSF. Similarly, human monocytes cultured in the presence of M-CSF were mostly spindle or epithelioid in shape and the immunoXuorescent staining with -Mitf Ab showed that the Mitf protein was predominantly nuclear (Fig. 6b) . However, human monocytes formed colony foci when cultured longer than 2 weeks in the presence of M-CSF. These colonies were composed of a morphologically distinct group of cells that were round and refractile. The colony cells were easily detached from the culture surface and dissociated from each other by gentle physical agitation. Interestingly, the colony cells exhibited a strong cytoplasmic staining of Mitf despite the presence of M-CSF in the media (Fig. 6c) , while the tightly attached spindle/epithelioid cells in the same culture exhibited nuclear Mitf staining. Furthermore, Mitf in these colony cells stayed in the cytoplasm even when the cells were treated with both M-CSF and RANKL (data not shown), indicating that the nuclear localization of Mitf in these cells requires signal(s) additional to M-CSF and RANKL stimulation.
We noted that when the colony cells were dissociated from each other by physical force, they attached to the adjacent surface of the culture plate, assumed a spindle/epithelioid shape and exhibited a nuclear staining of Mitf protein.
Based on this observation, we subsequently investigated whether cell attachment can aVect the subcellular localization of Mitf. The colony cells were Wrst harvested in cloning rings to prevent contamination from other cells in the culture and then subjected to several washes to remove M-CSF before resuspension in PBS. Cytospin was subsequently performed to attach the cells to glass slides with centrifugation force. The attached cells were immediately Wxed and Mitf localization was examined by immunoXuorescent staining with -Mitf Ab. In contrast to the cytoplasmic localization previously observed, Mitf became predominantly nuclear in these attached cells even in the absence of cytokines during the attachment procedure (Fig. 6d) . The results clearly indicate that cell attachment to a solid surface triggers a cytokine-independent signal that is necessary for Mitf nuclear translocation in human monocytic cells.
Discussion
The intracellular shuttling of Mitf is an important mechanism to regulate its transcription activity during cell diVerentiation and development. In this study, we identify a domain encoded by Mitf exon 1B1b (domain 1B1b), which appears to play an important role in regulating the cytoplasmic shuttling of Mitf. It should be mentioned that the domain 1B1b does not overlap with the previously deWned serine 173, phosphorylation of which promotes Mitf interaction with cytoplasmic protein 14-3-3 and interferes with the nuclear localization of Mitf (Bronisz et al. 2006) . The domain 1B1b is located near the N-termini of all Mitf isoforms except Mitf-M. According to our results, any Mitf isoform that lacks the domain 1B1b should remain in the nucleus and lead to prolonged gene activation. Indeed, a study showed that Mitf-M exhibits stronger transcription activity than other Mitf isoforms (Takeda et al. 2002) . We speculate that the absence of the domain 1B1b in Mitf-M may contribute to its increased transcription activity and the domain 1B1b may mediate cytoplasmic shuttling of Mitf by partially masking the NLS or by interacting with a cytoplasmic-anchoring protein. In our study, the deletion of the domain 1B1b from Mitf-A generated a protein similar to Mitf-M, and this mutant displayed almost 100% nuclear localization, which also is not aVected by M-CSF levels in the media. Interestingly, although endogenous Mitf-M has never been described as cytoplasmic, yet when Mitf-M fuses to an amino GFP, the GFP-Mitf-M protein displays a mixed localization with approximately 60% in the cytoplasm and 40% in the nucleus (Bronisz et al. 2006) , suggesting that the amino GFP interferes with the nuclear localization of Mitf-M. The observation that GFP-Mitf-M has similar subcellular localization as Mitf-A suggests that an extended amino domain, regardless of its sequence, is able to interfere with the nuclear localization of Mitf-M. Therefore, an intramolecular masking mechanism is favored over the cytoplasmic anchoring mechanism, as the latter requires protein-protein interaction, which is sequence dependent.
M-CSF is the primary regulator of the survival, proliferation, diVerentiation and function of monocytic cells (Chitu and Stanley 2006; Lagasse and Weissman 1997) . RANKL is not essential for monocytic cell survival; instead it provides osteoclast diVerentiation signals for osteoclast precursors derived from monocytic cells (Lacey et al. 1998) . Both M-CSF and RANKL pathways lead to activation and phosphorylation of Mitf in macrophages (Mansky et al. 2002; Weilbaecher et al. 2001 ). However, while both M-CSF and RANKL stimulations result in nuclear localization of Mitf in primary macrophages (Bronisz et al. 2006) , only RANKL has eVect on Mitf's subcellular localization in RAW264.7 cells, a mouse monocytic cell line. This is most likely due to deWciency of c-fms receptor traYcking, which results in reduced M-CSF/c-fms signals in RAW264.7 cells (Fowles et al. 2000) . Previous work by Bronisz et al. suggested that M-CSF/RANKL combined signals disrupt interaction between Mitf and c-TAK1 in RAW264.7 cells (Bronisz et al. 2006) . Consequently, Mitf is released from its cytoplasmic-anchoring protein 14-3-3 and enters the nuclei. While Bronisz et al's data show that Mitf nuclear transport can be regulated by c-TAK1 inhibition induced by combined RANKL/M-CSF treatment, our data demonstrate that RANKL alone is suYcient to induce Mitf translocation in these cells. In addition to M-CSF and RANKL stimulation, signals generated from interactions between the cells and its microenvironment appear to be critical for Mitf's localization.
We propose that Mitf's subcellular localization is regulated by an intramolecular NLS masking mechanism depicted in Fig. 7 . In this model, M-CSF signals unmask the NLS, possibly through protein modiWcation, and Mitf is imported to the nucleus; in the absence of M-CSF, the domain 1B1b masks the NLS and Mitf is retained in the cytoplasm. The ratio of M-CSF/Mitf determines the distribution of Mitf between the cytoplasmic and nuclear compartments. As mentioned earlier, both M-CSF and RANKL signaling pathways promote Mitf nuclear accumulation and phosphorylate Mitf (Mansky et al. 2002; Weilbaecher et al. (Bronisz et al. 2006) .
Regulation of subcellular localization of Mitf by M-CSF is not an all-or-none response; it is associated with the ratio of M-CSF/Mitf. The domain 1B1b and cell attachment also play roles. Therefore, subcellular localization of Mitf is regulated by diVerent mechanisms that work coordinately in response to various external and internal signals. These coordinated responses ensure precise control of cell's function in the in vivo environment.
